Introduction
Purification of expressed proteins is often a time-consuming task and a limiting step in obtaining large quantities of proteins from crude cell extracts or culture media. Various methods, such as introducing the affinity tags, have been developed to promote efficient recovery and purification of recombinant proteins. These affinity tags include a variety of proteins, domains, or peptides that are genetically engineered at the N-or C-terminus of expressed proteins. A major group of affinity tags consists of a peptide or protein that binds selectively to the transition metals immobilized on a solid support. The introduction of these affinity tags allows the recombinant proteins to be purified using immobilized metal ion affinity chromatography (IMAC). Since being introduced in 1975 by Porath et al. (Porath, J., et al., 1975) , IMAC has been proven to be a powerful affinity method which takes advantage of the interaction between biomolecules and transition metals.
Histidine-tags are the most widely used affinity tags. Histidine-tagged proteins have a high selective affinity for Ni 2+ and several other metal ions. Purification of the histidine-tagged protein using IMAC occurs on the basis of selective interactions between histidine-tags and the metal ions within an immobilized metal chelate (Hochuli, E., et al., 1988; Porath, J., 1992; Hage, D.S., 1999) . In other words, the histidine-tagged protein is the strongest binder among all the proteins in a crude sample extract. Moreover, the use of histidine tags has several merits: histidine tags are small (only six amino acids) and therefore structurally and functionally benign; histidine tags can be engineered at either the N-or C-terminus of expressed proteins, which allows some control of immobilization orientation; the interaction between histidine tags and Ni 2+ with high binding stability is reversible, immobilized proteins can be eluted by lowering the pH or competitively eluted with imidazole.
Histidine-tagged protein expression in E. coli can accumulate in two main forms, as soluble proteins in biologically active forms or as inclusion bodies that are devoid of biological activity. Although alteration of expression conditions can sometimes avoid inclusion bodies, the best available tools to date have been fusion tags that increase the solubility of expressed proteins. Various large affinity tags, such as glutathione-S-transferase (GST), maltosebinding protein (MBP), N-utilization substance A (NusA) and thioredoxin (Trx), have been used to promote the solubility of the recombinant protein. Cleavage of these affinity tags often re-introduces problems with solubility and stability.
Moloney murine leukemia virus reverse transcriptase (MMLV RT) is one of the most widely used enzyme in reverse transcription polymerase chain reaction (RT-PCR) and RNA specific amplification due to its high catalytic activity and fidelity (Kimmel & Berger, 1987; Kievits et al., 1991) . In the process of prokaryotic expression, MMLV RT tends to be poorly soluble and prone to molecular aggregation. These aggregated proteins are in general misfolded and thus biologically inactive. The limited solubility of MMLV RT has been a major difficulty in mass production of the enzyme in prokaryotic system.
In this work, we presented an easy protocol established for the soluble expression and purification of recombinant MMLV RT. Six-histidine tag was used in the purification of the recombinant MMLV RT through metal ion affinity chromatography. To improve the solubility of expressed enzyme, five hydrophobic residues within the connection domain of an N-terminally truncated MMLV RT were substituted with Lysine residue in our study. The substitution significantly improved the solubility of MMLV RT and had no impact on the reverse transcriptase activity. We expect that the approach used in this study will be available to improve solubility for other problems.
Materials
E. coli strain DH5α and pET15b expression vector was purchased from Promega Company. Bacterial strain BL21 (DE3) plsS was kindly gifted by professor Bing-ren Huang from Peking Union Medical College. PMD18-T vector, pfu DNA polymerase, universal Taq polymerase, and restriction endonuclease Nde I/Xho I were purchased from TaKaRa Company. Protein purification was carried out using Ni-NTA resin (Beijing Dingguo Company). Shanghai Shenggong Company provides both primer synthesis and DNA sequencing. DNA gel extraction Kit, PCR product purification kit and plasmid DNA extraction kit were purchased from Beijing Tiangen Biotech Company.
Methods

Construction of the recombinant plasmid pET15b-MMLV-RT
Preparation of the MMLV RT coding sequence
To obtain the full-length MMLV RT gene, primers (sense primer RT-F: 5′-ATC TAG CTA CAT ATG ACA TGG CTG TCT GAT TTT-3′ and antisense primer RT-R: 3′-GAT TTT CTC CCA GTC TCT ATT GAG CTC ATA GCC -5′) with restriction enzyme site Nde I and Xho I were designed according to the sequence of MMLV RT gene reported by Telesnitsky A et al. In order to avoid the incorporation of base substitutions, PCR was performed with pfu DNA polymerase. The PCR product was then purified and T-A cloned into pMD18-T vector. The presence of MMLV RT gene in the recombinant plasmid was confirmed by 1% agarose gel electrophoresis. As shown in Figure 1 , the expected band of about 1800 bp on agarose gel electrophoresis was detected. 
Site-directed mutagenesis of MMLV RT gene
The point mutation L432K, V433K, I434K, L435K and A436K were made by PCR based sitedirected mutagenesis. The primers used to make these mutations were as follows: The first round of PCR used two pairs of primers RT-F and PR (including PR-L432K, PR-V433K, PR-I434K, PR-L435K, PR-A436K) and PF (including PF-L432K, PF-V433K, PF-I434K, PF-L435K, PF-A436K) and RT-R to create two products with the mutated sequence. The two first rounds of PCR produced two overlapping fragments of the original template, both containing the mutation within the overlap region. These two PCR products are annealed and then subjected to a second round of PCR with primers RT-F and RT-R to generate the entire fragment with the mutation. The final PCR product after second round of PCR was then T-A cloned into pMD18-T vector. The recombinant plasmid was named pMD18-T-MMLV-RT.
Preparation of the recombinant expression vector pET15b-MMLV-RT
To generate the expression vector pET15b-MMLV-RT, the recombinant plasmid pMD18-T-MMLV-RT was digested with Nde I and Xho I before insertion into the Nde I-Xho I digested pET15b vector. The recombinant expression vector was then confirmed by both enzyme digestion and sequence analysis (Figure 3) . The construction of recombinant plasmid was named pET15b-MMLV-RT. Results showed that pET15b-MMLV-RT was successfully constructed.
Expression and purification of the mutant MMLV RT protein
Expression of the mutant MMLV RT protein
The recombinant plasmid pET15b-MMLV-RT was transformed into competent E. coli BL21 (DE3)plysS cells using standard protocols. Positive colonies were selected on LB plates containing 100 μg/ml Amp. A single colony was inoculated into 1ml of LB+Amp (100 μg/ml) and incubated with shaking (220 rpm) overnight at 37°C before transferring into 9 ml LB medium. Continue incubating the culture to an OD550 of 0.6, the expression of mutant MMLV RT was induced by the addition of IPTG to the culture at a final concentration of 1mmol/L. The incubation continued for 3.5h.
1. pET15b; 2. pET15b-MMLV-RT digested by Nde I/Xho I and yielded two fragments:5708bp and 1782bp; 3. PCR products of MMLV RT (1782bp); M. DNA Marker Fig. 3 . Identification results of the recombinant plasmid pET15b-MMLV-RT by two restriction enzymes digestion.
After incubation, the cells were harvested by centrifugation at 5000g for 5min at 4°C. Resuspend the cells in 0.25 ml volume of cold 50 mM Tris-HCl (pH 8.0), 2 mM EDTA, and centrifuge again as above. Store the cells at -70°C. The expression of MMLV RT was assessed by analysis of total cell protein on an SDS-PAGE followed by Coomassie staining. As shown in Figure 4 , the MMLV RT fusion protein with 6 His on the N-terminus was obtained according to the SDS-PAGE analysis which showed a clear band of about 66.2 kDa, while no band was found in the control group without IPTG induction. In order to determine the solubility of the fusion protein expressed by the selected colony, the IPTG induced E. coli was collected and disrupted. Protein expressed in the supernatant and precipitate was detected by SDS-PAGE. As shown in Figure 5 , SDS-PAGE analysis showed that the fusion protein was mainly expressed in the supernatant. This indicated that the introduction of the point mutations improved significantly in the solubility of the MMLV RT enzyme. 
Purification of the mutant MMLV RT protein
The expressed mutant MMLV RT was then purified using the histidine-tagged protein purification method. The procedure of the histidine-tagged protein purification method is shown as Figure 6 . Histidine-tagged proteins have very high affinity for Ni 2+ and a variety of other immobilized metal ions, such as Co 2+ , Cu 2+ and Zn 2+ ( Porath, J. & Olin, 1983; Porath, J., 1988; Sulkowski, E., 1989) . Consequently, histidine-tagged protein is selectively bound to metal-ion-charged media while other cellular proteins bind weakly or are washed out during the washing step before elution. Imidazole is the most common elution agent. Low concentration of imidazole in the binding buffer can reduce nonspecific binding of host cell proteins. While high concentration of imidazole (at least 200mM) with low pH (e.g., 0.1M glycine-HCl, pH 2.5) or an excess of strong chelator (e.g., EDTA) is required in the process of elution and recovery of captured histidine-tagged protein from the IMAC column.
For the purification of the recombinant protein, 3 ml of the supernatant was collected and purified by Ni-NTA affinity columns according to the manufacture's instructions. Nonspecific binding proteins were washed with Buffer NTA (20mM Tris-HCl pH 7.9, 0.5M NaCl, 10% Glycerol). MMLV RT was eluted with Buffer NTA containing different concentration of imidazole (20mM, 60mM, 100mM, 200mM and 300mM) . SDS-PAGE analysis indicated that the concentration of the protein in the elution increases with increasing concentration of imidazole. As shown in Figure 7 , 300mM imidazole in the elution buffer was the optimal condition and was used in the present study. The storage buffer (5×) (250 mmol/L Tris-HCl (pH 8.3), 375 mmol/L KCl, 15 mmol/L MgCl 2 and 50 mmol/L DTT) was used in the desalination of the purified protein. 
Determination of the MMLV RT enzyme activity
To determine the reverse transcriptase activity of the purified MMLV RT protein, the coat protein gene of RNA bacteriophage MS2 was amplified by RT-PCR using MS2 genomic RNA as the template with the following primers: sense primer: 5'-CCT TTC GGG GTC CTG CTC AAC TT-3' and antisense primer: 5'-CTT AAG CTT CTT CGA CAT GGGTAA TCC T-3'.
Reverse transcription was performed in a 10 μl reaction volume containing 0.5 μl sense/antisense primer (10μM), 2 μl 5 × RT Buffer, 0.5μl MMLV RT, 0.25 μl RNase inhibitor and ddH 2 O treated with DEPC at 42°C for 15 min and ended with denaturation at 95°C for 2 min. The first-strand-cDNA synthesis was followed by PCR in a 20 μl reaction system including 2 μl cDNA, 0.5 μl sense/antisense primer (10 μM), 10 μl 2×Taq Mix and ddH 2 O. The conditions was as follows: 95°C for 2 min, followed by 30 cycles of 95°C for 30s, 55°C for 30s, 72°C for 2 min, and ended with a final extension step at 72°C for 7 min. RT-PCR products were then analyzed by 1% agarose gel electrophoresis. As shown in Figure 8 , the clear band of about 1700bp was particular to the coat protein gene from RNA bacteriophage MS2, which indicated that the expressed MMLV RT enzyme was biological active. 
Discussion
MMLV RT is widely used in a number of routine applications, including cDNA cloning, RT-PCR, microarray analysis RACE (Rapid amplification of cDNA ends) and TMA (Transcription mediated amplification). MMLV RT is an RNA-dependent DNA polymerase that uses single-stranded RNA, DNA, or an RNA-DNA hybrid to synthesize a cDNA strand. In addition, the enzyme also contains an RNase H activity and lacks a 3→5 exonuclease activity (Aggarwal, 1990; Altschul et al., 1997) . Although recombinant MMLV-RT has been produced in Escherichia coli Roth et al., 1985; Kotewicz et al., 1985) , the expression and purification conditions were not detailed, and the tedious purification procedure makes it necessary to design a simple and quick method for producing soluble enzyme with biological activity.
One of the major difficulties in mass production of MMLV RT in prokaryotic system has proven to be the limited solubility of the enzyme. Structural analysis revealed that MMLV RT is a 75 kDa monomer comprising multiple functional domains: the fingers, palm, thumb, connection, and RNase H domains (Georgiadis et al., 1995; Das & Georgiadis, 2004; Lim et al., 2006; Cote & Roth, 2008) . It has also been found that MMLV RT has a right-hand structure similar to HIV-1 RT. The finger and palm domains of MMLV RT resemble those of HIV-1 RT except that there are additional 16 residues at the N-terminal (Motakis & Parniak, 2002) . For both RTs, the active site of the DNA polymerase reaction lies in the junction of the fingers and palm domains, which has three highly conserved Asp residues required for polymerase activity (Motakis & Parniak, 2002) . Although functionally similar to HIV-1 RT, the MMLV RT differs both in solubility properties and detailed architecture. The relative positions of the thumb, connection and RNase H domains of MMLV RT are distinctly different from those of the p66 subunit of HIV RT (Huang et al., 1998) . As shown in Figure 9 , in contrast to the p66 subunit of HIV-1 RT, the MMLV RT is a far more clamp-like shaped molecule. A rotation of 18º is required to superimpose the thumb domain and connection domain of MMLV RT with the corresponding domains of the p66 subunit of HIV-1 RT. Similarly, the connection domain of MMLV RT also superimpose poorly with that of the p66 subunit of HIV-1 RT (Das & Georgiadis, 2004) . Here, we reported a novel and simple method to produce MMLV-RT enzyme in a soluble and active form. Five hydrophobic residues within the connection domain of MMLV RT were substituted with Lysine residue in our study. Previous structure-based sequence alignment reported that L435K is structurally equivalent to K390 in HIV-1 RT (Das & Georgiadis, 2004) . The introduction of the mutation in this study was found to improve the solubility of MMLV RT, which allowed purifying the N-terminal His-tagged MMLV-RT enzyme by one step Ni-NTA chromatography.
Site-directed mutagenesis has been extensively performed for a number of enzymes. A compromise between activity and stability is generally recognized in various enzymes. At times, the introduction of the mutation increase enzyme activity at the expense of the protein stability, while the increase in protein stability can also decrease enzyme activity (Yutani et al., 1987; Shoichet et al., 1995; Arnorsdottir et al., 2007; Yasukawa et al., 2010; Kusano et al., 2010) . In our study, the site-directed mutagenesis resulted an increase in solubility of MMLV RT and did not affect the enzyme activity.
For the purification of the fusion protein, histidine-tag was engineered at N-terminus of MMLV RT in our research. After the purification of MMLV RT, there is no need to remove the histidine-tag, as it is small and generally less disruptive than other tags to the properties of the expressed proteins. Our results demonstrated the feasibility of the histidine-tag approach in the purification of recombinant MMLV RT.
Conclusively, we devised a novel and simple method to express and purify soluble MMLV-RT with biological activity. This method may lend itself to the production of other recombinant enzymes, which usually form inclusion body when expressed in prokaryotic system.
